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(54) Complex oxide having high thermoelectric conversion efficiency 



(57) This invention provides a complex oxide com- 
prising the features of : (i) being represented by the for- 
mula: (A0.4B0 -()x/o.6^020y wherein A and B are el- 
ements differing from each other, each represents Ca, 
Sror Ba, M represents Bl, Sc, Y, La, Ce, Pr, Nd, Sm, Eu, 
Gd, Tb, Dy, Ho, Er, Yb or Lu, 1 .7 ^ x ^ 2, and 3.8 ^ y 
^ 5, (ii) having a Seebeck coefficient of 100 ^iV/K or 
more at a temperature of 100 K (absolute temperature) 



or higher and (ill) having an electrical resistivity of 10 
mQcm or less at a temperature of 100 K (absolute tem- 
perature) or higher. The complex oxide of the invention 
is a material composed of low-toxicity elements existing 
in large amounts, the material having superior heat re- 
sistance and chemical durability and a high thermoelec- 
tric conversion efficiency in a temperature range of 600 
K or higher which falls in the temperature range of waste 
heat. 
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Description 
Field of the Invention 

[0001 1 The present Invention relates to a complex oxide having an excellent thermoelectric conversion performance. 
Background Art 

[0002] In our country, effective energy is obtained at a ratio of only about 30% from the primary supply energy, and 
about 70% of energy is eventually discarded as heat into the atmosphere. The heat evolved by combustion in plants, 
garbage-incinerating facilities or the lil<e is thrown away into the atmosphere without conversion into other energy. In 
this way, we are uselessly casting away a vast amount of thermal energy and are acquiring only a small amount of 
energy by combustion of fossil fuel or otherwise. 

[0003] To increase the proportion of acquired energy, the thermal energy to be released into the atmosphere should 
be effectively utilized. For this purpose, themnoelectric conversion for direct conversion of thermal energy to electrical 
energy is effective means. The thermoelectric conversion, which utilizes Seebeck effect, is an energy conversion meth- 
od for generating electricity by creating a difference in temperature between both ends of a thermoelectric material to 
produce a difference of electric potential. In this thermoelectric generation, electricity is generated simply by setting 
one end of a thermoelectric material at a location heated to a high temperature by waste heat, and the other end thereof 
in the atmosphere (room temperature) and connecting a leading wire to both ends thereof. This method entirely elim- 
inates a need for a device with moving parts such as a motor or a turbine required in the common generation of power. 
As a consequence, the method is economical and can be carried out without giving off a gas by combustion . Moreover, 
the method can continuously generate electricity until the thermoelectric material is deteriorated. 
[0004J As set forth above, thermoelectric generation is a technique expected to play a share of role for the resolution 
25 of energy problems which will be concerned henceforth. To realize the thermoelectric generation, there is a need for 
developing thermoelectric materials which have a high thermoelectric conversion efficiency and have excellent heat 
resistance and chemical durability. Currently, intennetallic compounds are known as a substance of high thennoelectric 
conversion efficiency. Among them, Bi2Te3 has the highest thermoelectric conversion efficiency. However, the thermo- 
electric conversion efficiency of B\^e^ is only about 1 0% at highest. Further, Bi2Te3 can be used only at a temperature 
3o of aoo^C or lower. TeAgSb-containing metallic compound has a high themnoelectric conversion efficiency In a temper- 
ature range of about 600 to about 1 ,000 K which falls in the temperature range of waste heat. However, Te and Sb are 
rare elements having toxicity and can not be used in the air because they are readily oxidizable. With the above draw- 
backs, Bi2Te3 and TeAgSb-containIng metallic compound are limited in application as a thennoelectric material for use. 
[0005] In the foregoing situation, It is expected to develop materials composed of low-toxiclty elements which exist 
35 in large amounts and which have superior heat resistance and chemical durability and a high thermoelectric conversion 
efficiency. 

[0006] While metallic oxides may be proposed as materials excellent in heat resistance and chemical durability, the 
metallic oxides are lower in thermoelectric conversion efficiency by an order of magnitude than 3\^e^. In fact, known 
oxides having a high electric conductivity (I.e.. an electrical resistivity of about 10 mQcm or less) show a Seebeck 
coefficient only as low as tens |iV/K or less. 

Description of the Drawings 



45 



[0007] FIG.1 shows a diagram schematically showing the crystalline structure of the complex oxide according to the 
Invention. FIG.2 schematically shows a thermoelectric module produced using the complex oxide of the invention as 
a thermoelectric material. FIG. 3 is a scanning electron micrograph showing the crystalline structure of the complex 
oxide obtained in Example 1. FIG.4 is a graph showing the temperature dependency of Seebeck coefficient of the 
complex oxide prepared in Example 1. FIG.5 Is a graph showing the temperature dependency of electrical resistivity 
of the complex oxide prepared in Example 1 . FIG.6 is a graph showing the temperature dependency of themial con- 
50 ductivity of the complex oxide prepared in Example 1 . FIG. 7 is a graph showing the temperature dependency of ther- 
moelectric figure of merit (ZT) of the complex oxide prepared in Example 1 . In the drawings, indicated at 1 is a base 
plate for a high -temperature location; at 2, a base plate for a low-temperature location; at 3, a P-type thermoelectric 
material; at 4, an N-type thermoelectric material; at 5, an electrode; and at 6, a leading wire. 

55 Disclosure of the Invention 

[0008] A principal object of the present Invention is to provide a material composed of low-toxicity elements existing 
in large amounts, the material having superior heat resistance and chemical durability and a high thennoelectric con- 
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version efficiency in a temperature range of 600 K or higher which falls in the temperature range of waste heat. 
[0009] The present inventor conducted extensive research in view of the above-mentioned current situation regarding 
thermoelectric nnaterials and found that a complex oxide having a specific composition which includes two kinds of 
elements selected from Ca, Sr and Ba, an element selected from Bi and rare earth element, and Co and O as constituent 
elements has a high Seebeck coefficient and a high electric conductivity and is very useful as a thermoelectric material 
to be used for a thennoelectric module. The present invention was completed based on this novel finding. 
[0010] The present invention provides the following complex oxide and P-type thermoelectric material. 

1 . A complex oxide comprising the features of: 



(i) being represented by the formula: (Ao.4Bo.iMo.i)x/o.6Co20y wherein A and 8 are elements differing from 
each other, each represents Ca, Sr or Ba, M represents Bi, Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, 

Yb or Lu, 1.7 ^ X ^ 2. and 3.8 ^ y ^ 5, 

(ii) having a Seebeck coefficient of 100 p.V/K or more at a temperature of 100 K (absolute temperature) or 
^5 higher, and 

(iii) having an electrical resistivity of 10 mQcm or less at a temperature of 100 K (absolute temperature) or 
higher 



2. The complex oxide as defined in item 1 , wherein in the formula described in item 1,(1) A=Ca, B=:Sr and M=Bi, 
(2) A=Ca. B=Sr and M=Gd, (3) A=Ba, B=Sr and M=Bi. or (4) A=Ba. B=Sr and M=Gd. 

3. The complex oxide as defined in item 1 wherein the thermoelectric figure of merit is 1 or more at 600 K (absolute 
temperature) or higher. 

4. A P-type thermoelectric material prepared from the complex oxide as defined in item 1 . 



[0011] The complex oxide of the present invention Is represented by the formula: (Ao.4Bo.iMo.-|)x/o6Co20y. In the 
formula, A and B are different elements, each represents Ca, Sr or Ba, M represents BI, Sc, Y, La, Ce, Pr, Nd, Sm, Eu, 
Gd, Tb, Dy, Ho, Er, Yb or Lu. The value of x ranges from 1 .7 to 2, preferably 1 .8 to 2 and the value of y ranges frorn 
3.8 to 5, preferably 4 to 5. 

[0012] Among the above-defined complex oxides, the following are preferred because of their high thennoelectric 
figure of merit (ZT): those wherein A=Ca, B=Sr and M=Bi, those wherein A=Ca, B=Sr and M=Gd, those wherein A=Ba, 
B=Sr and M=Bi and those wherein A=Ba, B=Sr and M=Gd. 
[0013] The tenri "thennoelectric figure of merit (ZT)" used herein refers to a value given by calculation based on the 
following equation 

[0014] Thermoelectric figure of merit(ZT) -S^T/p k wherein S is a Seebeck coefficient, T is an absolute temperature, 
35 p is an electrical resistivity and k: is a thermal conductivity. 

[0015] The crystalline structure of the complex oxide according to the invention is schematically shown in F1G.1 . The 
complex oxide has a structure wherein two masses are alternately layered on each other. In this stmcture, one of two 
masses is a layer comprising series of Co-O unit cells which are combined side by side and extend lengthwise in the 
state of having an edge of the unit cell in common. The Co-O unit cell is formed so as to octahedrally coordinate 6 
oxygen ions around one Co Ion. The other mass Is a layer comprising any of cations of A, B, M and Co arranged 
alternately with oxygen as an anion, i.e. a layer of the so-called rock salt type structure. 

[0016] The complex oxide of the invention having the above-specified composition shows a Seebeck coefficient of 
100 |j,V/K or more and an electrical resistivity of 10 mOcm or less at a temperature of 100 K (absolute temperature) or 
higher. The complex oxide of the invention shows a tendency that as the temperature is elevated, the Seebeck coef- 
ficient is increased and the electrical resistivity Is decreased. The complex oxide of the invention has both a high 
Seebeck coefficient and a low electrical resistivity so that the oxide can exhibit a high thermoelectric conversion per- 
formance when used as a thermoelectric material for a thermoelectric module. The complex oxide of the invention 
indicates a thermoelectric figure of merit of 1 or more (i.e. the level required for a thennoelectric material in practical 
use) at 600 K (absolute temperature) or higher, and is a thermoelectric material having excellent thermoelectric con- 
so version perfonnance. 

[0017] Further, the complex oxide of the invention is composed of low-toxicity elements existing in a predominant 
amount, is superior in heat resistance and chemical durability and has outstanding utility as a thennoelectric material. 
[0018] There is no limitation on processes for preparing the complex oxide of the invention insofar as the process 
can produce a complex oxide having the above-specified composition and a crystalline structure. 
[0019] Employable conventional processes include, for example, single crystal-producing methods such as flux 
method, zone-melting method, picking-up method, glass annealing method via glass precursor and the like, powder- 
producing methods such as solid phase reaction method, sol get method and the like, and film-forming methods such 
as sputtering method, laser-abrasion method, chemical vapor deposition method and the like which can produce a 
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complex oxide having said cx^mposition and a crystalline stmcture. 

[0020] Among these methods, the glass annealing method via glass precursor is described below in detail. 
[0021] First, raw materials are melted and rapidly cooled for solidification. The melting conditions can be any Insofar 
as they can melt uniformly the raw materials. When a crucible of alumina is used as a vessel for melting operation, it 

5 is desirable to heat the raw materials to about 1 200 to about 1400*C to prevent contamination with the vessel and to 
inhibit vaporization of raw materials. The heating time is not limited, and the healing is continued until a unifomi melt 
is obtained. Usually the heating time-is about 30 minutes to about 1 hour. The heating means are not limited, and can 
be any of desired means which include electric furnaces and gas furnaces. The melting can be conducted, for example, 
in an oxygen-containing atmosphere such as the air or an oxygen stream adjusted to a flow rate of about 300 ml/I or 

10 less. In the case of raw materials containing a sufficient amount of oxygen, the melting may be conducted in an inert 
atmosphere. 

[0022] The rapid cooling conditions are not limited. The cooling may be conducted to the extent that at least the 
surface of the solidified product becomes a glassy amorphous layer. For example, the melt can be rapidly cooled by 
allowing the melt to flow over a metal plate and compressing the same using e.g., another metal plate. The cooling 

15 rate may be usually about 500 *C/sec or higher, preferably 10^ **C/sec or higher. 

[0023] Subsequently the product solidified by cooling is heat-treated in an oxygen-containing atmosphere, whereby 
fibrous single crystals of the complex oxide of the invention grow from the surface of the product. 
[0024] The heat treatment temperature may be in the range of about 880 to about 930*0. The heat treatment can 
be conducted in an oxygen-containing atmosphere such as the air or an oxygen stream. When the heat treatment is 

20 effected in an oxygen stream, the stream may be adjusted to a flow rate of, for example, about 300 ml/min or less. The 
heat treatment time is not limited and can be determined according to the growth degree of the contemplated single 
crystal. Usually it is about 60 to about 1000 hours. 

[0025] The mixing ratio of the raw materials can be detennined depending on the chemical composition of the con- 
templated complex oxide. Stated more specifically, when fibrous single crystal of complex oxide is formed from the 

25 amorphous layer on the surface of the solidified product, the complex oxide has the same composition as that of solid 
phase which is in equilibrium with the amorphous layer, which is considered liquid phase, on the surface of the solidified 
product. Therefore, the mixing ratio of raw materials can be determined based on the relationship of chemical compo- 
sitions between the solid phase (single crystal) and the liquid phase (amorphous layer) in equilibrium state. 
[0026] The size of the single crystal of complex oxide thus obtained is variable with the kind of raw materials, com- 

30 position ratio, heat treatment conditions and so on. The single crystal has, for example, a length of about 10 to about 
1000 fim, a width of about 20 to about 200 ^tm and a thickness of about 1 to about 5 |xm. 

[0027] The process for preparing the complex oxide of the invention according to a solid phase reaction method is 
described below. The raw materials are mixed In the same proportions as the proportions of the metallic components 
of the contemplated complex oxide, and are sintered in the air or like oxygen-containing atmosphere at about 800 to 

35 about 900*C for about 1 0 hours to give a calcined powder. Then, the calcined powder is pressmolded and is sintered 
in an oxygen-containing atmosphere, thereby producing the desired complex oxide. Available as the oxygen-containing 
atmosphere are an ambient atmosphere and an oxygen stream having a flow rate of up to about 300 ml/min. The 
sintering means are not limited and can be any of desired means such as electric furnaces, gas furnaces, etc. The 
sintering temperature and the sintering time are not limited insofar as the desired complex oxide can be obtained. For 
example, the sintering is conducted at about 920 to about 11 00*C for about 20 to about 40 hours. 
[0028] In any of the glass annealing method via glass precursor and the solid phase reaction method, the amount 
of oxygen contained in the obtained product can be controlled according to the flow rate of oxygen in sintering. The 
higher the flow rate of oxygen, the more the amount of oxygen in the product is. The variation in the amount of oxygen 
in the product does not seriously affect the electrical characteristics of the complex oxide. The raw materials are not 

45 limited lr>sofar as they can produce the oxide when sintered. Useful raw materials include metals, oxides, compounds 
(such as cariDonates) and the like. Examples of the Ca source as alkaline earth element are calcium oxide (CaO). 
calcium chloride (CaCy, calcium cartDonate (CaCOa). calcium nitrate (Ca(N03)2), calcium hydroxide (Ca(OH)2), alkox- 
ides compounds such as dimethoxy calcium (Ca(OCH3)2), diethoxy calcium (Ca(OC2H5)2)and dipropoxy calcium (Ca 
(OC3H7)2). and the like. Examples of the source of Bl or rare earth element (hereinafter referred to as M) are oxides 

50 (M2O3 such as GdgOa), nitrates (M(N03)3), chlorides (MCI3), hydroxides (M(OH)3). alkoxide compounds (M(OCH3)3, 
M(OC2H5)3 and M(OC3H7)3). etc. Examples of the Co source are cobalt oxide (CoO, C02O3 and C03O4), cobalt chloride 
(C0CI2). cobalt carbonate (C0CO3), cobalt nitrate (Co(N03)2), cobalt hydroxide (Co(OH)2). alkoxide compounds such 
as dipropoxy cobalt (Co(OC3H7)2) and the like, etc. Also usable as the raw material are compounds containing at least 
two elements constituting the complex oxide of the invention. 

55 [0029] The complex oxide of the invention thus obtained has both a high Seebeck coefficient and a low electrical 
resistivity and is excellent in thermoelectric conversion performance so that the oxide can be effectively used as a 
thermoelectric material for a thermoelectric module. 

[0030] FIG.2 schematically shows by way of example a thermoelectric module produced using the complex oxide 
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of the invention as the thermoelectric material. Said themno electric module has the same structure as conventional 
themioelectric module. The complex oxide of the invention can be used as a P-type thermoelectric material in a ther- 
moelectric module which comprises a base plate for a high-temperature location 1 , a base plate for a low-temperature 
location 2, a P-type thermoelectric material 3, an N-type themioelectric material 4. an electrode 5 and a leading wire 6. 
5 [0031] The complex oxide of the invention has a high Seebeck coefficient and a low electrical resistivity and Is ex- 
cellent in thenmoelectric conversion performance and in heal resistance and chemical durability. 
[0032] The complex oxide of the invention finds applications as a thenmoelectric material usable at a high temperature 
in the air unlike conventional intermetallic compounds which can not be used under such conditions. Consequently it 
is expected that the thermal energy heretofore cast away into the atmosphere can be effectively used by incorporating 
the complex oxide of the invention into a thermoelectric generation system. 

Examples 

[0033] Examples are given below to further clarify the present invention in more detail. 

15 

Example 1 

[0034] Using calcium carbonate (CaCOa). strontium carbonate (SrCOg), bismuth oxide (BigOa), and cobalt oxide 
(CO3O4) as the starting materials, thorough mixing was conducted at a mixing ratio (atom ratio) of 1 : 1 : 1 : 2 of Bi : 

20 Ca : Sr : Co. The mixture was charged into a crucible of alumina and was heated in the air using an electric furnace 
at a temperature of 1300*'C for 30 minutes to give a melt. The melt was allowed to flow over a copperplate, and was 
quenched by compression between the copper plate and another copper plate to give a glass precursor. The glass 
precursor was heat-treated in an oxygen stream (150 ml/min) at 930°C for 1 ,000 hours to grow single crystals on the 
surface of the glass precursor. FIG.3 shows a scanning electron micrograph of the obtained complex oxide. The single 

25 crystal of the complex oxide is one represented by the formula (Cao 4Sro^Bio .|)i 7/0 6^02043. 

[0035] FIG.4 is a graph showing the temperature dependency of Seebeck coefficient (S) at 1 00 to 973 K (absolute 
temperature). It is apparent from FIG.4 that the Seebeck coefficient of the complex oxide increased with the elevation 
of temperature. A similar temperature dependency was seen in all of Examples to be described later and the complex 
oxides showed a Seebeck coefficient of 100 |j.V/K or more at a temperature of 100 K or higher 

30 [0036] FIG. 5 is a graph showing the temperature dependency of electrical resistivity (p) of the complex oxide at a 
temperature of 100 to 973 K (absolute temperature). It is seen from FIG.5 that the electrical resistivity decreased with 
an increase in temperature, i.e., the complex oxide exhibited a semiconductor-like behavior and showed an electrical 
resistivity of about 10 m^cm or below at 100 K or higher. In alt of subsequent Examples, a similar temperature de- 
pendency of electrical resistivity (p) was found. 

35 [0037] The Seebeck coefficient was calculated from a graph showing the relationship between themioelectric voltage 
and temperature difference as measured using a laboratory-designed instrument and the electric resistivity was meas- 
ured using a standard dc four-probe method. The Seeback coefficient and the electric resistivity were measured in air. 
[0038] FIG. 6 is a graph showing the temperature dependency of thennaf conductivity (k) of the complex oxide pre- 
pared in Example 1 . The value (k) was 1 . 1 W/mK at 973 K (absolute temperature) which means that the complex oxide 

40 had a lower thermal conductivity than common electroconductive oxides. This may be attributable to the layered struc- 
ture of the complex oxide of the invention. It is presumable that the thermal conductivity was low because the thermal 
conductivity of lattice was reduced by phonon scattering in an interface between the layers. 

[0039] FIG. 7 is a graph showing the temperature dependency of themioelectric figure of merit ZT of the complex 
oxide prepared in Example 1 The thermoelectric figure of merit (ZT) increased with the elevation of temperature. The 
45 complex oxide exhibited the themnoelectric figure of merit (ZT) of more than 1 (level required for use) at 600 K (absolute 
temperature) or higher and had a heretofore unattained high ZT value, i.e., ZT value of 2.7 at 873 to 973 K. 

Examples 2-120 

50 [0040] Complex oxides of the invention were produced in the same manner as in Example 1 with the exception of 
mixing the starti ng materials in the proportions shown under the column of "composition of raw materials for preparation 
of glass precursor in Tables 1 to 6. The chemical formula of the obtained complex oxide is indicated above each table. 
The kind of M and the value of X in the fonnula are shown In each table. 

[0041] Each table shows the Seebeck coefficient, electrical resistivity and thermoelectric figure of merit (ZT) shown 
55 by the obtained complex oxides. 

[0042] The starting materials used in Examples 2-120 are as follows. 

Ca source : cakiium carbonate (CaCOg) 
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Sr source : strontium carbonate (SrC03) 
Ba source : barium carbonate (BaC03) 
Rare earth element source : rare earth oxide (RE2O3) 
Bi source : bismuth oxide (81203) 
5 Co source : cobalt oxide (CO3O4) 



Table 1 
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(Cao 4Sro Mo. 1 )x/o.6Co204.5 


Ex. 


M 


X 


Comp. 
Precu 


for Prep, of glass 
rsor Bi:Ca:Sr:Co: 


Seebeck Coefficient 1 00 
K^lV/K 


Electrical resistivity 1 00 
K mClcm 


ZT600 K 












M 








1 


Bi 


1.7 




1:1 


1 


:2:0 


110 


2.0 


1.2 


2 


Bi 


2.0 




1:1 


•1 


:2:0.5 


130 


2.2 


1,4 


3 


Y 


1.7 




1:1 


1 


:2:1 


105 


2-1 


1.0 


4 


Y 


2.0 




1:1 


1 


:2:1.5 


118 


2.4 


1.4 


5 


La 


1.7 




1:1 


1 


:2:1 


107 


2.0 


1.2 


6 


La 


2.0 




1:1 


1 


:2:1.5 


118 


2.3 


1.8 


7 


Gd 


1.7 




1:1 


1 


:2:1 


115 


2.1 


1.3 


8 


Gd 


2.0 




1:1 


:1 


:2:1.5 


140 


2.5 


1.5 


9 


Sc 


1.7 




1:1 


:1 


:2:1 


102 


2.3 


1.0 


10 


Ce 


1.7 




1:1 


:1 


:2:1 


104 


2.2 


1.1 


11 


Pr 


1.7 




1:1 


:1 


:2:1 


105 


2.5 


1.0 


12 


Nd 


1.7 




1:1 


:1 


:2:1 


110 


2.4 


1.2 


13 


Sm 


1.7 




1:1 


:1 


.2:1 


111 


2.3 


1.4 


14 


Eu 


1.7 




1:1 


:1 


:2:1 


106 


2.5 


1.2 


15 


Tb 


1.7 




1:1 


:1 


:2:1 


100 


2.4 


1.0 


16 


Dy 


1.7 




1:1 


:1 


:2:1 


102 


2.2 


1.2 


17 


Ho 


1.7 




1:1 


:1 


:2:1 


107 


2.3 


1.1 


18 


Er 


1.7 




1:1 


:1 


:2:1 


105 


2.3 


1.1 


19 


Yb 


1.7 




1:1 


:1 


:2:1 


100 


2.6 


1.0 


20 


Lu 


1.7 




1:1 


:1 


:2:1 


102 


2.7 


1.0 
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40 



45 



(CaQ 4680 iMo.i)x/0.6^0204-5 


Ex. 


M 


X 


Comp. for Prep, of 
glass Precursor Bi:Ca: 
Ba:Co:M 


Seebeck coefficient 1 00 


Electrical resistivity 1 GO 
K mQcm 


ZT600 K 


21 


Bi 


1.7 


1:1:1:2 


0 


105 


2.0 


1.1 


22 


Bi 


2.0 


1:1:1:2 


0,5 


130 


2.1 


1.2 


23 


Y 


1.7 


1:1:1:2 


1 


100 


2.2 


1.0 


24 


Y 


2.0 


1:1:1:2 


1.5 


110 


2.3 


1.2 


25 


La 


1.7 


1:1:1:2 


1 


105 


2.0 


1.0 


26 


La 


2.0 


1:1:1:2 


1.5 


110 


2.5 


1.6 


27 


Gd 


1.7 


1:1:1:2 


1 


115 


2.1 


1.3 


28 


Gd 


2.0 


1:1:1:2 


1,5 


130 


2.4 


1.2 


29 


Sc 


1.7 


1:1:1:2 


1 


102 


2.3 


1.0 


30 


Ce 


1.7 


1:1:1:2 


1 


100 


2.2 


1.0 


31 


Pr 


1.7 


1:1:1:2 


1 


105 


2.5 


1.0 


32 


Nd 


1.7 


1:1:1:2 


1 


110 


2.4 


1.2 


33 


Sm 


1.7 


1:1:1:2 


1 


110 


2.7 


1.4 
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Table 2 (continued) 







(Cao.4Bao.i Mq.i )x/0.6^O2O4-5 


5 


Py 


M 


X 


Comp. for Prep, of 
glass Precursor Bi:Ca: 
Ba:Co:M 


Seebeck coefficient 1 00 
K|iV/K 


Electrical resistivity 1 00 
K mQcnn 


ZT600 K 




34 


Eu 


1.7 


1:1:1 


2:1 


105 


2.6 


1.0 




35 


Tb 


1.7 


1:1:1 


2:1 


100 


2.5 


1.0 


10 


36 


Dy 


1.7 


1:1:1 


2:1 


101 


2.5 


1.2 


37 


Ho 


1.7 


1:1:1 


2:1 


107 


2.3 


1.1 




38 


Er 


1 .7 


1:1:1 


2:1 


105 


2.3 


1.1 




39 


Yb 


1.7 


1:1:1 


2:1 


100 


2.6 


1.0 




40 


Lu 


1.7 


1:1:1 


2:1 


110 


2.9 


1.0 


15 


Table 3 




(Sfo 4Cao -|Mo^)^/o 6C02O4.5 


20 


Ex. 


M 


X 


Comp. For Prep. Of 
glass Precursor Bi:Sr: 
Ca:Co:M 


Seebeck coefficient 100 
K M^V/K 


Electrical resistivity 100 
K mQcm 


ZT 600 K 




41 


Bi 


1 .7 


1:1:1 


2:0 


120 


2.4 


1.2 


25 


42 
43 


Bi 
Y 


2.0 
1.7 


1:1:1 
1:1:1 


2:0.5 
2:1 


135 
110 


2.5 
2.7 


1 .4 
1.3 




44 


Y 


2.0 


1:1:1 


2:1.5 


120 


2.3 


1.3 




45 


La 


1.7 


1:1:1 


2:1 


115 


2.2 


1.2 




46 


La 


2.0 


1:1:1 


2:1.5 


118 


2.3 


1.8 


30 


47 


Gd 


1.7 


1:1:1 


2:1 


118 


2.2 


1.3 




48 


Gd 


2.0 


1:1:1 


2:1.5 


130 


2.6 


1.5 




49 


Sc 


1.7 


1:1:1 


2:1 


112 


2.5 


1.1 




50 


Ce 


1.7 


1:1:1 


2:1 


115 


2.8 


1.0 




51 


Pr 


1.7 


1:1:1 


2:1 


118 


2.3 


1.1 


35 


52 


Nd 


1.7 


1:1:1 


2:1 


110 


2.4 


1.2 




53 


Sm 


1.7 


1:1:1 


2:1 


117 


2.4 


1.3 




54 


Eu 


1.7 


1:1:1 


2:1 


108 


2.5 


1.3 




55 


Tb 


1.7 


1:1:1 


2:1 


103 


2.6 


1.1 


40 


56 


Dy 


1.7 


1:1:1 


2:1 


102 


2.3 


1.0 




57 


Ho 


1.7 


1:1:1 


2:1 


108 


2.4 


1.1 




58 


Er 


1.7 


1:1:1 


2:1 


110 


2.4 


1.2 




59 


Yb 


1.7 


1:1:1 


2:1 


103 


2.7 


. 1.0 


45 


60 


Lu 


1.7 


1:1:1 


2:1 


104 


2.9 


1.1 


Table 4 
















^Bao 1 Mq. 1 )x/o .6^ 02045 






50 


Ex. 


M 


X 


Comp. For Prep. Of 
glass Precursor Bi:Sr: 
Ba:Co:M 


Seebeck coefficient 1 00 
K^.V/K 


Electrical resistivity 1 00 
K m^2cm 


ZT600 K 




61 


Bi 


1.7 


1:1:1:2:0 


105 


1.8 


1.2 


55 


62 


BI 


2.0 


1:1:1:2:0.5 


121 


2.0 


1.3 




63 


Y 


1.7 


1:1:1:2:1 


102 


2.0 


1.1 




64 


Y 


2.0 


1:1:1:2:1.5 


110 


2.2 


1.2 
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25 



55 



(Sr o.4Bao 1 Mq.i )yUQ,G0020^.^ 


Ex. 


M 


X 


Comp. For Prep. Of 
glass Precursor Bi:Sr: 
Ba:Co:M 


Seebeck coefficient 100 
KjiV/K 


Electrical resistivity 1 00 . 
K mQcm 


ZT600 K 


65 


La 


1.7 




1: 


1: 


2:1 


107 


1.8 


1.3 


66 


La 


2.0 


1: 


1: 


1 


2:1.5 


112 


1.9 


1.7 


67 


Gd 


1.7 


I: 


1: 


1: 


2:1 


113 


1.8 


1.2 


68 


Gd 


2.0 


1: 


1: 


1: 


2:1.5 


130 


2.2 


1.1 


69 


Sc 


1.7 


1: 


1: 


1 


2:1 


100 


2.3 


1.0 


70 


Ce 


1.7 




1: 


1: 


2:1 


103 


2.1 


1.1 


71 


Pr 


1.7 




1: 


1: 


2:1 


105 


2.5 


1.0 


72 


Nd 


1.7 




1: 


1 


2:1 


110 


2.4 


1.2 


73 


Sm 


1.7 




1: 


1: 


2:1 


110 


2.2 


1.3 


74 


Eu 


1.7 




1: 


1: 


2:1 


106 


2.4 


1.4 


75 


Tb 


1.7 




1: 


1 


2:1 


100 


2.4 


1.0 


76 


Dy 


1.7 




1: 


1: 


2:1 


105 


2.3 


1.3 


77 


Ho 


1.7 




1. 


1: 


2:1 


108 


2.1 


1.2 


78 


Er 


1.7 




1 


1 


2:1 


105 


2.3 


1.1 


79 


Yb 


1.7 




1 


1. 


2:1 


100 


2.5 


1.1 


80 


Lu 


1.7 




1 


1. 


2:1 


100 


2.4 


1.0 


Table 5 


(Bao 4Cao.iMo.i)x/o.6^0204-5 


Ex. 


M 


X 


Comp. For Prep, of 
glass Precursor Bi:Ba: 
Ca:Co:M 


Seebeck coefficient 1 00 
Kp.V/K 


Electrical resistivity 1 00 
K mQcm 


ZT600K 


81 


Bi 


1.7 




:1 


:1 


•2:0 


110 


2.0 


1.2 


82 


Bi 


2.0 




:1 


:1 


:2:0.5 


130 


2.2 


1.4 


83 


Y 


1.7 




:1 


:1 


:2:1 


105 


2;1 


1.0 


84 


Y 


2.0 




:1 


:1 


:2:1.5 


117 


2.3 


1.5 


85 


La 


1.7 




:1 


:1 


:2:1 


107 


2.0 


1.2 


86 


La 


2.0 




:1 


:1 


:2:1.5 


118 


2.3 


1.8 


87 


Gd 


1.7 




:1 


:1 


:2:1 


111 


2.0 


1.3 


88 


Gd 


2.0 




:1 


:1 


:2:1.5 


120 


2.7 


1.4 


89 


Sc 


1.7 




:1 


:1 


:2:1 


108 


2.7 


1.1 


90 


Ce 


1.7 




:1 


:1 


:2:1 


104 


2.2 


1.1 


91 


Pr 


1.7 




:1 


:1 


:2:1 


105 


2.5 


1.0 


92 


Nd 


1.7 




:1 


:1 


:2:1 


110 * 


2.4 


1.2 


93 


Sm 


1.7 




:1 


:1 


:2;1 


111 


2.7 


1.2 


94 


Eu 


1.7 




:1 


:1 


:2:1 


106 


2.5 


1.2 


95 


Tb 


1.7 




:1 


:1 


:2:1 


100 


2.4 


1.0 


96 


Dy 


1.7 




:1 


:1 


:2:1 


105 


2.5 


1.1 


97 


Ho 


1.7 




:1 


:1 


:2:1 


108 


2.2 


1.1 


98 


Er 


1.7 




:1 


:1 


:2:1 


102 


2.4 


1.1 


99 


Yb 


1.7 




:1 


:1 


:2:1 


100 


2.5 


1.2 


100 


Lu 


1.7 




:1 


:1 


:2:1 


101 


2.3 


1.0 
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Table 6 









(Bao 4Sro^Mo.t)xA).6C0204.5 


5 


Ex. 


M 


Y 


Comp. For Prep. Of 
glass Precursor Bi:Ba: 


Seebeck coefficient 1 00 

r\ |.iv/r\. 


Electrical resistivity 1 00 
K miicm 


ZT 600 K 










Sr.Co 


:M 










101 


Bl 


1 .7 


1:1:1 


2 


0 


120 


2.1 


1.1 




102 


Bi 


2.0 


1:1:1 


2 


0.5 


140 


2.2 


1.3 


10 


103 


Y 


1 .7 


1:1:1 


2. 


1 


118 


2.3 


1.2 




104 


Y 


2.0 


1:1:1 


2: 


1 .5 


119 


2.4 


1.6 




105 


La 


1.7 


1:1:1 


2: 


1 


120 


2.2 


1.3 




106 


La 


2.0 


1:1:1 


2: 


1.5 


118 


2.2 


1.9 


15 


107 


Gd 


1 .7 


1:1:1 


2: 


1 


117 


2.0 


1.5 




108 


Gd 


2.0 


1:1:1 


2: 


1.5 


152 


2.6 


1.8 




109 


Sc 


1.7 


1 -1 • 1 
I.I.I 




1 


121 


2.5 


1.1 




110 


Ce 


1 .7 


1:1:1 


2: 


1 


125 


2.4 


1.2 


20 


111 


Pr 


- 1.7 


1:1:1 


2: 


1 


110 


2:7 


1.1 


112 


Nd 


1.7 


1:1:1 


2: 


1 


121 


2.7 






113 


Sm 


1.7 


1:1:1 


2; 


1 


123 


2.4 


1.6 




114 


Eu 


1.7 


1:1:1 


2: 


1 


107 


2.5 


1.2 




115 


Tb 


1.7 


1:1:1 


2: 


1 


110 


2.6 


1.2 


25 


116 


Dy 


1.7 


1:1:1 


2: 


1 


108 


2.2 


1.1 




117 


Ho 


1.7 


1:1:1 


2: 


1 


113 


2.1 


1.0 




118 


Er 


1.7 


1:1:1 


2: 


1 


109 


2.2 


1.2 




119 


Yb 


1.7 


1:1:1 


2: 


1 


110 


2.5 


1.1 


30 


120 


Lu 


1.7 


1:1:1 


2: 


1 


107 


2.7 


1.1 



Example 121 

[0043] Using calcium carbonate (CaCOa), strontium carbonate (SrCOs). bismuth oxide (BigOg), and cobalt oxide 
(C03O4) as the starting materials, thorough mixing was conducted at a mixing ratio (atom ratio) of 1 .2 : 0.3 : 0.3 : 2.0 
of Ca : Sr : Bi : Co. The mixture was charged into a crucible of alumina and was calcined in the air using an electric 
furnace at a temperature of 800*'C for 10 hours. The calcined product was crushed and molded, and the molded body 
was sintered in an oxygen stream (150 ml/min) at 850**C for 60 hours, whereby a complex oxide represented by the 
formula:(Cao 4Sro -t Bio 1)1.8/0 6^0204.95 was obtained. The obtained complex oxide showed a Seebeck coefficient of 
1 1 0 ji.V/K at a temperature of 1 00 K and an electrical resistivity of about 6.0 mOcm at 1 00 K, and had a thennoelectric 
figure of merit (ZT) of 1 .2 at 600 K, and thus a high thennoelectrlc conversion efficiency. 

Examples 1 22 to 240 

[0044] Complex oxides of the invention were produced in the same manner as in Example 121 with the exception 
of mixing the starting materials in the same proportions as those of metallic components for the contemplated complex 
oxide. The chemical fomnula of the obtained complex oxides is indicated above each table. The kind of M and the value 
of X In the formula are shown in each table. 

[0045] Tables 7-12 show the measured results of Seebeck coefficient, electrical resistivity and thennoelectrlc figure 

of merit (ZT) shown by the obtained complex oxides. 

[0046] The starting materials used in Examples 122-240 are as follows. 

Ca source : calcium carbonate (CaCOa) 

Sr source : strontium carbonate (SrCOa) 

Ba source : barium carbonate (BaC03) 

Rare earth element source : rare earth oxide (RE2O3) 

Bi source : bismuth oxide (BigOa) 

Co source : cobalt oxide (CO3O4) 
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Table 7 



30 



(Cao 4Sro.i Mo t )x/0.6^°2O4.5 


Ex. 


M 


X 


Seebeck Coefficient 100 K p.V/K 


Electrical Resistlvitv 1 00 K mOr^m 


7T ROO K 


121 


Bi 


1 .8 


110 


6.0 


1.2 


122 


Bi 


2.0 


130 


6.6 


1.4 


123 


Y 


1.8 


105 


6.3 


1.0 


124 


Y 


2.0 


118 


6.8 


1.4 


125 


La 


1.8 


107 


6.0 


1.2 


126 


La 


2.0 


118 


6.9 


1.3 


127 


Gd 


1.8 


115 


6.3 


1.3 


128 


Gd 


2.0 


140 


7.0 


1.5 


129 


Sc 


2.0 


102 


6.8 


1.0 


130 


Ce 


2.0 


104 


6.6 


11 


131 


Pr 


2.0 


105 


7.2 


1.0 


1 

1 


Nd 




1 1 u 


b.o 


1 .2 


133 


Sm 


2.0 


111 


6.9 


1.4 


134 


Eu 


2.0 


106 


7.1 


1.2 


135 


Tb 


2.0 


100 


7.2 


1.0 


136 


Dy 


2.0 


102 


6.6 


1.2 


137 


Ho 


2.0 


107 


6.9 


1.1 


138 


Er 


2.0 


105 


6.9 


1.1 


139 


Yb 


2.0 


100 


7.6 


1.0 


140 


Lu 


2.0 


102 


6.3 


1.0 


. Table 8 




Ex. 


M 


X 


Seebeck Coefficient 1 00 K ]j.V/K 


Electrical resistivity 100 K mCicm 


2T600 K 


141 


Bi 


1.8 


114 


6.2 


1.3 


142 


Bi 


2.0 


130 


6.6 


1.4 


143 


Y 


1.8 


119 


6.5 


1.4 


144 


Y 


2.0 


115 


6.8 


1.2 


145 


La 


1.8 


107 


5.8 


1,2 


146 


La 


2.0 


118 


6.9 


1.2 


147 


Gd 


1.8 


117 


6.3 


1.2 


148 


Gd 


2.0 


140 


6.8 


1.5 


149 


Sc 


2.0 


100 


6.8 


1.0 


150 


Ce 


2.0 


104 


6.6 


1.1 


151 


Pr 


2.0 


110 


7.2 


1,1 


152 


Nd 


2:0 


112 


7.0 


1.2 


153 


Sm 


2.0 


111 


6.9 


1.4 


154 


Eu 


2.0 


106 


7.1 


1.2 


155 


Tb 


2.0 


100 


7.2 


1.0 


156 


Dy 


2.0 


105 


6.6 


1.2 


157 


Ho 


2.0 


110 


7.2 


1.0 


158 


Er 


2.0 


101 


6.5 


1.1 


159 


Yb 


2.0 


100 


7.6 


1.0 


160 


Lu 


2.0 


102 


6.3 


1.0 
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55 











C02O4.5 




Ex. 


M 


X 


Seebeck Coefficient 100 K ^iV/K 


Electrical resistivity 100 K mncm 


ZT600 K 


161 


Bi 


1.8 


110 


6.0 


1 .2 


162 


Bi 


2.0 


120 


6.2 


1 .2 


163 


Y 


1.8 


111 


6.4 


1 .1 


164 


Y 


2.0 


112 


6.8 


1 .1 


165 


La 


1 .8 


107 


6.2 


1 1 
1 . 1 


166 


La 


2.0 


118 


6.9 


1 .5 


167 


Gd 


1 .8 


113 


6.3 


1 

1 .0 


168 


Gd 


2.0 


140 


7.0 


1 R 


169 


Sc 


2.0 


102 


6.7 


1 n 


170 


Ce 


2.0 


110 


6.6 


1 .0 


171 


Pr 


2.0 


1 00 


6.5 


1 n 


172 


Nd 


2.0 


1 08 


6.4 


1 9 
1 


173 


Sm 


2.0 


111 


6.9 


1.4 


174 


Eu 


2.0 


103 


6.5 


1.1 


175 


Tb 


2.0 


104 


7.0 


1.1 


176 


Dy 


2.0 


102 


6.6 


1.2 


177 


Ho 


2.0 


102 


6.1 


1.1 


178 


Er 


2.0 


100 


6.4 


1.0 


179 


Yb 


2.0 


100 


7.6 


1.0 


180 


Lu 


2.0 


102 


6.3 


1.0 


Table 10 








(Sro.4Bao.iMo;i)x/o.6 


CO2O4.5 




Ex. 


M 


X 


Seebeck Coefficient 1 00 K ^iV/K 


Electrical resistivity 100 K mSlcm 


ZT600 K 


181 


Bi 


1.8 


120 


6.5 


1.3 


182 


BI 


2.0 


140 


7.1 


1.5 


183 


Y 


1.8 


108 


6.3 


1.0 


184 


Y 


2.0 


118 


6.3 


1.5 


185 


La 


1.8 


120 


6.2 


1.4 


186 


La 


2.0 


118 


6.5 


1.3 


187 


Gd 


1.8 


115 


6.3 


1.3 


188 


Gd 


2.0 


140 


7.0 


1.5 


189 


Sc 


2.0 


123 


6.8 


1.2 


190 


Ce 


2.0 


108 


6.5 


1.0 


191 


Pr 


2.0 


111 


6.5 ^ 


1.2 


192 


Nd 


2.0 


110 


6.8 


1.2 


193 


Sm 


2.0 


111 


6.9 


1.4 


194 


Eu 


2.0 


120 


6.8 


1.3 


195 


Tb 


2.0 


115 


6.4 


1.4 


196 


Dy 


2.0 


121 


6.7 


1.5 


197 


Ho 


2.0 


114 


6.2 


1.3 


198 


Er 


2.0 


130 


6.9 


1.3 


199 


Yb 


2.0 


109 


6.0 


1.2 


120 


Lu 


2.0 


116 


6.5 


1.1 
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(Ba© 4Cao,iMo,i)x/0.6^0204-5 


Ex. 


M 


X 


Seebeck Coefficient 100 K |iV/K 


cicuLiiudi resisiiviiy luu fx mizcm 


Z 1 dOO K 


201 


Bi 


1.8 


110 


5.8 


1.2 


202 


Bi 


2.0 


132 


6.4 


1.5 


203 


Y 


1.8 


110 


6.5 


1.1 


204 


Y 


2.0 


118 


6.8 


1.4 


205 


La 


1.8 


117 


6.2 


1.2 


206 


La 


2.0 


118 


6.4 


1.3 


207 


Gd 


1.8 


122 


6.7 


1.4 


208 


Gd 


2.0 


131 


6.8 


1.6 


209 


Sc 


2.0 


102 


6.8 


1.0 


210 


Ce 


2.0 


108 


6.4 


1.2 


211 


Pr 


2.0 


112 


7.0 


1.1 


OH! O 


NO 




110 


6.8 


1.2 


213 


Sm 


2.0 


100 


6.3 


1.1 


214 


Eu 


2.0 


118 


6.5 


1.2 


215 


Tb 


2.0 


104 


6.2 


1.0 


216 


Dy 


2.0 


117 


6.8 


1.2 


217 


Ho 


2.0 


107 


6.9 


1.1 


218 


Er 


2.0 


117 


6.5 


1.2 


219 


Yb 


2.0 


122 


6.7 


1.2 


220 


Lu 


2.0 


108 


6.3 


1,0 


Table 12 


(Bao.4Sro.iMo.i)x/o.6Co204.5 


Ex. 


M 


X 


Seebeck Coefficient 1 00 K ^V/K 


Electrical resistivity 1 00 K mOcm 


ZT600K 


221 


Bi 


1.8 


116 


5.8 


1.4 


.222 


Bi 


2.0 


135 


6.3 


1.6 


223 


Y 


1.8 


103 


5,8 


1,0 


224 


Y 


2.0 


120 


6.1 


1.2 


225 


La 


1.8 


111 


6.2 


1.2 


226 


La 


2.0 


126 


6.7 


1.5 


227 


Gd 


1.8 


117 


6.5 


1.3 


228 


Gd 


2.0 


146 


7.1 


1.5 


229 


Sc 


2.0 


103 


6.5 


1.0 


230 


Ce 


2.0 


104 


6.6 


1.1 


231 


Pr 


2.0 


106 


6.5 


1.1 


232 


Nd 


2.0 


118 


6.3 


1.5 


233 


Sm 


2.0 


116 


6.6 


1.4 


234 


Eu 


2.0 


127 


6.5 


1.4 


235 


Tb 


2.0 


100 


6.7 


1.0 


236 


Dy 


2.0 


112 


6.3 


1.3 


237 


Ho 


2.0 


103 


6.9 


1.0 


238 


Er 


2.0 


117 


6.4 


1.1 


239 


Yb 


2.0 


100 


7.3 


1.0 


240 


Lu 


2.0 


102 


6.3 


1.0 
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1 . A complex oxide comprising the features of: 

(i) being represented by the formula: (P<oA^OA^OA)x/o.^^'^2^y wherein A and B are elements differing from 
each other, each represents Ca, Sr or Ba, M represents Si, Sc, Y, La. Ce. Pr. Nd. Sm, Eu, Gd, Tb, Dy, Ho, Er, 
Yb or Lu, 1 .7 ^ X ^ 2, and 3.8 ^ y ^ 5, 

(ii) having a Seebeck coefficient of 100 ^iV/K or more at a temperature of 100 K (absolute temperature) or 
higher, and 

(iii) having an electrical resistivity of 10 mQcm or less at a temperature of 100 K (absolute temperature) or 
higher. 

2. The complex oxide according to claim 1 , wherein in the fonnula described in claim 1,(1) A=Ca, B=Sr and M=Bi, 

(2) A=Ca, B=Sr and M=Gd, (3) A=Ba, B=Sr and M=Bi, or (4) A=:Ba, B=Sr and M=Gd. 

3. The complex oxide according to any one of claims 1 or 2. wherein the thermoelectric figure of merit is 1 or more 
at 600 K (absolute temperature) or higher. 

4. A P-type thermoelectric material prepared from the complex oxide as defined in any one of claims 1 to 3. 
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FIG. 1 
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FIG. 3 
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FIG. 4 
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FIG. 6 
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FIG. 7 
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